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Abstract: Pneumococcal conjugate vaccine (PCV) introduction has reduced pneumococcal meningitis
incidence. The Pneumococcal Serotype Replacement and Distribution Estimation (PSERENADE)
project described the serotype distribution of remaining pneumococcal meningitis in countries using
PCV10/13 for least 5–7 years with primary series uptake above 70%. The distribution was estimated
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using a multinomial Dirichlet regression model, stratified by PCV product and age. In PCV10-using
sites (N = 8; cases = 1141), PCV10 types caused 5% of cases <5 years of age and 15% among ≥5 years;
the top serotypes were 19A, 6C, and 3, together causing 42% of cases <5 years and 37% ≥5 years. In
PCV13-using sites (N = 32; cases = 4503), PCV13 types caused 14% in <5 and 26% in ≥5 years; 4%
and 13%, respectively, were serotype 3. Among the top serotypes are five (15BC, 8, 12F, 10A, and
22F) included in higher-valency PCVs under evaluation. Other top serotypes (24F, 23B, and 23A)
are not in any known investigational product. In countries with mature vaccination programs, the
proportion of pneumococcal meningitis caused by vaccine-in-use serotypes is lower (≤26% across all
ages) than pre-PCV (≥70% in children). Higher-valency PCVs under evaluation target over half of
remaining pneumococcal meningitis cases, but questions remain regarding generalizability to the
African meningitis belt where additional data are needed.
Keywords: pneumococcal meningitis; serotype distribution; PCV impact; global; meta-analysis
1. Introduction
Pneumococcal meningitis is a major cause of childhood morbidity and mortality
globally, estimated to have caused 83,900 cases and 37,900 deaths in 2015 [1]. Meningitis is
estimated to make up approximately 2% of all severe pneumococcal disease and 12% of
pneumococcal deaths [1]. Prior to the introduction of pneumococcal conjugate vaccines
(PCV) into routine childhood immunization programs, over 70% of invasive pneumococcal
disease (IPD), a serious form of pneumococcal disease that includes bacteremic pneumonia,
meningitis, and sepsis, was estimated to have been caused by serotypes targeted by
the vaccines currently available [2]. Since then, PCVs have been introduced into infant
immunization programs in over 140 countries [3].
Immunizing children with PCV is an effective method for preventing IPD, providing
not only direct protection in vaccinated children but also indirect protection (i.e., herd
immunity) among unvaccinated individuals by decreasing the circulation of pneumococci
of the serotypes included in the vaccines [4–7]. PCVs currently in wide use include a 10-
valent vaccine (PCV10; GlaxoSmithKline (GSK), Synflorix) and a 13-valent vaccine (PCV13;
Pfizer, Prevnar13/Prevenar13). Another 10-valent vaccine (Serum Institute of India (SII),
Pneumosil) became available in 2019. The 23-valent pneumococcal polysaccharide vaccine
(PPV23; Merck, Pneumovax23) is recommended in many countries for older adults and
those at high risk for pneumococcal disease but is not widely used [8].
Significant reductions in vaccine-type IPD of 41–97%, including pneumococcal menin-
gitis, have been observed in the pediatric population and other age groups after the
introduction of PCVs [5,7]. However, these changes are not immediate; indirect protec-
tion in unvaccinated individuals takes more time, and several countries in the African
meningitis belt had pneumococcal meningitis outbreaks due to vaccine serotypes after the
introduction of PCVs [9]. Although low immunization coverage is a possible explanation, it
raised questions about the speed and degree of indirect protection in high burden settings
without a booster dose, primarily administered in the second year of life. PCV formulations
covering 15–24 serotypes have been developed, though they are not yet licensed [10–13];
these may offer a solution to address much of the remaining disease, but the preventable
fraction depends on how much of the remaining disease is caused by the added serotypes.
A World Health Organization (WHO) roadmap to defeat meningitis by 2030 was recently
endorsed by the World Health Assembly and includes a path to address the remaining
leading causes of acute bacterial meningitis, including pneumococcus [14].
Since many countries have now used PCV10/13 extensively, it is possible to examine
if serotypes covered by these vaccines have been eliminated in all age groups and what
proportion of the remaining disease is caused by the serotypes included in higher-valency
PCV formulations under development and in PPV23. We aimed to estimate the global
serotype distribution of pneumococcal meningitis cases, by PCV product used and age
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group, in countries with well-established PCV10/13 routine infant immunization programs
and high uptake. This is part of a larger effort investigating the impact of PCV on IPD
incidence and serotype distribution to inform current global and national pneumococcal
vaccination policies.
2. Materials and Methods
2.1. Site Identification and Eligibility
Site identification and data collection methods are described in detail elsewhere [15].
Briefly, various methods were used to identify countries conducting serotype-specific IPD
surveillance where PCV10 (referring throughout to the GSK product unless otherwise
specified, as SII’s vaccine was not in use) or PCV13 was universally recommended for all
infants for at least one year by 2018. Known surveillance networks were contacted, and
the WHO and experts in the field provided contacts for possible data sources; previous
systematic reviews were used to identify potential sites and validate search terms for a
literature review that included articles published between 1 January 2011 and 20 December
2018; and International Symposium on Pneumococci and Pneumococcal Diseases (ISPPD)
abstracts were reviewed from 2012 to 2018. Individuals at each institution that collected
IPD data, including research groups as well as national laboratory testing centers, were
invited to participate. All datasets underwent extensive data quality checks to identify
any sources of potential biases that could impact the serotype distribution, and these were
reviewed with site investigators [15].
Assessing eligibility for the meningitis serotype distribution analysis involved a multi-
step process: sites had to first have eligible IPD data (step 1), then those sites had to have
eligible meningitis data (step 2), which were then assessed to determine the number of
years of PCV10/13 use until the serotype distribution stabilized (step 3), and then sites
with data after that threshold were included in analyses (step 4).
Step 1: Data collection eligibility criteria were established to capture years of data
where the serotype distribution had likely begun to stabilize, and where there was sufficient
serotype data to estimate an unbiased distribution. A site or network had to report
serotype-specific IPD case counts, regardless of syndrome. IPD was defined as Streptococcus
pneumoniae isolated by culture from any normally sterile fluid or using lytA-based PCR
or antigen-based tests in cerebrospinal fluid (CSF) or pleural fluid. Sites had to have a
minimum of four years of post-PCV10/13 introduction surveillance data, including the
year of introduction, with a minimum of 12 months of continuous surveillance; have
at least 50% of isolates serotyped; have no major changes or biases in surveillance that
would affect estimates of serotype-specific percentages; and not be limited to HIV-positive
or immunocompromised populations. The year of introduction was defined as the year
PCV10/13 was introduced if it was introduced in the first three quarters of the year, or
as the following year otherwise. For data submitted in epidemiologic years rather than
calendar years, the introduction year was defined accordingly.
Step 2: Sites had to identify which IPD cases were either confirmed positive for
pneumococcus in CSF (CSF+) or had meningitis described as the clinical syndrome in a
patient for whom pneumococcus was isolated in blood.
Step 3: Data from sites meeting the above criteria were used to assess the number of
years after PCV10/13 introduction needed until the serotype distribution stabilized. To
determine when this occurred, the change over time in the annual serotype distribution
of all IPD was examined at each site, separately for children and adults. The change in
percentage due to individual serotypes, both vaccine types and non-vaccine types, were
examined. Particular attention was given to sites with robust data and high-quality surveil-
lance systems. “Stabilization” was defined when trends in vaccine type and prevalent
non-vaccine type serotype percentages over time were no longer evident, and the period
after this was defined as the “mature” PCV10/13 period. For children under 5 years of
age, the number of years of continuous and exclusive PCV10 or PCV13 use required to
reach the mature PCV10/13 period varied depending on (a) whether and how long PCV7
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was used prior to PCV10/13 introduction (or if there was a period of use of the alternate
PCV10/13 product), and (b) whether PCV10/13 was introduced with a catch-up program.
For sites without catch-up or prior use of another PCV product, time to reach the mature
period was seven years of continuous and exclusive PCV10 or PCV13 use, including the
year of introduction. For sites with a PCV10/13 catch-up program, time to reach the mature
period was six years and for sites that used another PCV product for three or more years
prior to PCV10/13, it was five years. For older children and adults, it took seven years of
PCV10/13 use in infants to reach the mature PCV10/13 period, regardless of prior PCV7
use or catch-up, as these had no meaningful observed impact on time to stabilization in
these age groups. This process and the thresholds defined here were reviewed by the
PSERENADE Technical Advisory Group and the site investigators.
Step 4: Sites were included in the analyses if they had serotyped meningitis cases
during the defined mature PCV10/13 period for their site. Only mature years where
the average proportion of children immunized was greater than 70% in the three years
preceding were included. WHO-UNICEF estimates of PCV10/13 uptake [16] were used
for sites without local immunization coverage information. Sites with concurrent use of
PCV10 and PCV13 or that switched between PCV10 and PCV13 and did not use either one
for long enough to meet inclusion criteria were excluded. Cases with unknown age were
excluded from analyses. Cases from all eligible mature period years were pooled for each
site by age group.
The primary analysis was restricted to cases with S. pneumoniae identified from CSF
(CSF+), given limited availability of clinical syndrome data and differences in the definitions
of clinical meningitis across sites (Table S4). A sensitivity analysis included additional
clinically defined meningitis cases (i.e., blood-culture positive, CSF-negative/not tested
cases). Additionally, the serotype distribution of CSF+ cases was compared to those
with only a clinical meningitis diagnosis within sites with large sample sizes to assess
any differences.
2.2. Defining Serotype Categories
Cases were grouped into serotype categories for serotypes included in PCV7 (4, 6B,
9V, 14, 18C, 19F, and 23F), PCV10 (PCV7 plus 1, 5, and 7F), PCV13 (PCV10 plus 3, 6A, and
19A), PCV15 (PCV13 plus 22F and 33F) [17], PCV20 (PCV15 plus 8, 10A, 11A, 12F, and
15BC) [18], PCV24 (PCV20 plus 2, 9N, 17F, and 20) [12,13], and PPV23 (PCV24 minus 6A).
Serotypes 15B and 15C were grouped as 15BC because they can switch due to a slipped
strand mispairing of a tandem thymine–adenine repeat [19]. Non-vaccine type serotypes
were defined as serotypes not in the indicated vaccine.
Serotyping methods for each site are summarized in Table S4. Cases without a specific
serotype identified were rare and were grouped into four categories: “not serotyped”,
“untypeable”, “typed, serotype not identified”, and “serogrouped only”. “Not serotyped”
cases, those for whom serotyping was not attempted for any reason, were excluded from
analyses after site investigators confirmed these to be missing at random. “Untypeable”
cases had a comprehensive serotyping methodology performed but did not identify any
serotype, such as non-encapsulated strain-prohibiting serotyping, an isolate that pro-
duced less capsule under lab conditions and could not be typed phenotypically, or a new
serotype; these were grouped with non-vaccine type serotypes and excluded from serotype-
specific analyses. “Typed, serotype not identified” cases had serotyping performed with a
method that does not assess all serotypes, such as PCR assessing only 37 serotypes; these
were grouped with non-PCV10, non-PCV13, and/or non-PPV23 cases depending on the
serotyping method used by the site and were excluded from serotype-specific analyses.
“Serogrouped only” cases (e.g., 6A/6B/6C/6D), undistinguished cases (e.g., 6A/6C), cases
with two serotypes reported, and Quellung Pool-only cases were grouped into serotype
categories where possible and excluded from serotype-specific analyses, though these
were few.
Microorganisms 2021, 9, 738 6 of 21
2.3. Analytic Model
The predicted probability of pneumococcal meningitis due to serotype categories
and specific serotypes was estimated using multinomial Dirichlet regression [20]. When
data were insufficient for the model to converge, distributions were estimated by pooling
data across sites. This model assumes that each site has an underlying unknown serotype
distribution that varies in its deviation from the “site-averaged” distribution. The model
estimates the magnitude of this deviation for all sites as a measure of possible heterogeneity
among sites, which is then used along with sample size to determine each site’s weight.
When a high degree of heterogeneity exists across sites, sites are weighted more similarly;
otherwise, sites are weighted more proportionally to their sample size, so larger sites are
weighted more. The model ensures that all proportions in an estimated distribution sum
to 1.0.
The serotype distribution for all observed serotypes could not be modeled because
the model cannot estimate distributions when sites have many serotypes with zero counts.
To identify which serotypes appeared frequently enough to be modeled, the data were first
pooled across sites to estimate the rank of serotypes by product and age group. The top 25
ranking serotypes were selected for each age group and product stratum plus serotype 1,
which was added to all strata because it is a key serotype of interest. These serotypes were
then used to generate a modeled distribution for each age group and product stratum.
The robustness of the model is affected by the number of categories (i.e., serotypes) es-
timated, such that the more categories there are, the less robust the estimates are. Therefore,
a hierarchal, or stepped, approach was used where an initial distribution was estimated for
serotypes grouped into categories (e.g., PCV13-type), and subsequent models were run on
further subdivided categories (e.g., PCV10-type, 19A, 6A, and 3) until reaching individual
serotypes. This enabled sites that did not test for all serotypes to contribute to higher-order
categories, even if not for some individual serotypes.
For each distribution estimated, whether for serotype categories or specific serotypes
within a category, the model was first run on all eligible data using 30 iterations to estimate
initial coefficients. Then, the model was run within a bootstrap with 100 replicates of resam-
pling with replacement, using the initial coefficients estimated and stratified resampling
based on the covariate used (e.g., PCV product). Within the bootstrap, the model was
limited to a single iteration for each replicate. The means of the bootstrap replicates were
used as the estimated distribution. For serotype categories, 95% confidence intervals (95%
CI) around the mean values were calculated using adjusted bootstrap percentile (BCa)
intervals. Due to limited sample size when estimating the distribution of specific serotypes,
jackknife resampling was used in place of bootstrapping where one site was removed at a
time for specific serotype estimates. In this case, confidence intervals were calculated using
the estimated standard errors. When distributions were estimated via pooling, binomial
confidence intervals were used. All analyses were performed in R (R Core Team, 2019),
and the model used the VGAM package [20].
3. Results
3.1. Data Included
Of the 76 sites with IPD data eligible for data collection and that participated in the
PSERENADE project, 32 PCV13-using sites and eight PCV10-using sites had serotype-
specific pneumococcal meningitis cases in the mature PCV10/13 period eligible for this
analysis. Reasons for exclusion included: IPD cases were not disaggregated by CSF+
(N = 23), no serotyped meningitis cases in the mature PCV10/13 period were reported
(N = 11), and concurrent PCV10 and PCV13 use (N = 4). The majority of meningitis cases
were CSF+ (73.3%, range across sites: 24.1–100%) (Figure S1). Most sites (N = 26, 65.0%)
were from Europe or North America, and only nine (22.5%) were from low- and middle-
income countries (Figure 1). Most PCV13 sites (87.5%) previously used PCV7 compared to
only two (25.0%) for PCV10 sites. All but four sites used a booster dose schedule, two of
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which only report data for children < 5 years. Additional site details and characteristics are
described elsewhere [15].
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Figure 1. Number of serotyped cerebrospinal fluid positive (CSF+) pneumococcal meningitis cases per site in mature
PCV10/13 years by UN region, pneumococcal conjugate vaccine (PCV) product used during years included in the analysis,
and age group. Abbreviations: EU = Europe, NAm = North America, LAC = Latin America and Caribbean, SSA = Sub-
Saharan Africa, NAf = Northern Africa and Western Asia, AS = sia, OC = ceania. PCV13 is Pfizer’s Prevnar13/Prevenar13;
PCV10 is GSK’s Synflorix.
3.2. Pneu ococcal eningitis Due to accine-Type Serotypes
In PCV13-using sites, 14.1% (95% CI: 10.4–16.2%) of the remaining CSF+ pneumococcal
meningitis during the mature period in children <5 years of age was PCV13-type; among
individuals ≥5 years of age, 25.8% (23.6–27.6%) were PCV13-type (Figure 2 and Table S1).
Serotype 3 was the most common PCV13-type in PCV13-using sites (4.0% and 13.1% in <5
and ≥5 years, respectively).
For PCV10-using sites, due to the large case counts in Brazil (n = 210 among <5 years)
relative to the other PCV10-using sites (n = 43 total among <5 years), data from Brazil were
shown separately from all other PCV10-using sites. Data from PCV10-using sites excluding
Brazil could not be modeled due to the small sample sizes and were, therefore, pooled.
Among children <5 years, the percent PCV10-type was similar in Brazil (4.8%) and the
other PCV10 sites (4.9%; Figure 2). The most common PCV10-type serotype was 7F (2.1%).
For cases ≥5 years of age, where sample sizes were larger (Brazil: n = 707; other PCV10
sites: n = 181), the percent PCV10-type cases was lower in Brazil (7.6%; 5.8–9.8%) than
in the other sites (14.9%; 10.1–21.0%). Modeled results for all PCV10 sites combined (i.e.,
including Brazil) are shown in Figure S3.
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to serotypes included in current and upcoming products. PCV13 is Pfizer’s Prevnar13/Prevenar13;
PCV10 is GSK’s Synflorix. PCV13 results are modeled output. PCV10 results are a pooled distribution
of 210 cases in Brazil and 43 cases in other PCV10 sites for <5 years of age and of 707 cases in Brazil
and 181 cases in other PCV10 sites for ≥5 years of age. ST3 is illustrated separately in lighter purple
in the bars corresponding to products that include ST3 due to the uncertain effectiveness against
ST3 in current products [21–23]. ST6C is illustrated in grey above the bars wher ST6A i included.
Alth C is not included in PCV10 o PCV13, PCV13 offers cross-protection through ST6A [24].
ST6A also benefits from cross-protection with ST6B, included in both PCV10 and PCV13. Therefore,
ST6A causes a very small fraction of disease in both settings and age groups, and it is not shown.
Confidence intervals do not include ST6C, as this serotype is not included in PCV10/13.
The percentage of PCV13-type cases was greater in PCV10-using sites than in PCV13-
using sites (29.3–40.0% vs. 14.1% for <5 years and 37.0–38.5% vs. 25.8% for ≥5 years). If
serotype 6C is considered a PCV13-type serotype because it has possible cross-protection
from 6A [24], the difference in the proportion of PCV13-type increases even m re. Differ-
ences between PCV10- and PCV13-using sites persist for PCV15-type c ses but diminis
f r PCV20-, PCV24-, and PPV23-type cases, which ra ged from 54–69% across ll age and
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PCV-use groups. Results restricted to adults aged ≥50 years and ≥65 years showed no
meaningful differences compared to results for those aged ≥5 years (Table S3).
Across both PCV products and age groups, there was wide heterogeneity in the
site-specific percentages for the various vaccine-type groups, with the lowest and high-
est percentages from sites with very small sample sizes (Figure 3). This heterogeneity
was evident within regions and overlapped across regions; no clear regional differences
were apparent. For the PCV13 sites where modeled estimates were possible, they were
consistently within +/-5% of the median of the site-specific estimates.
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3.3. Serotype Distribution
Serotype-specific percentages are described for all PCV10-using sites combined (i.e.,
Brazil plus other sites) because the most common serotypes found in Brazil were similar
to those in the other PCV10 sites for both age groups (Figure S4); their data were pooled
rather than modeled due to small sample size. Among children <5 years of age, the most
common serotypes were those not covered by the vaccines in use (Figure 4 and Table S2).
The three PCV13-related serotypes (19A, 6C, and 3) in cases <5 years at PCV10-using sites
totaled 42.1% compared to 7.5% at PCV13-using sites. Otherwise, the next most common
serotypes at PCV10-using sites were similar to the most common at PCV13-using sites.
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Serotype 19A, a PCV13-type, was the top serotype at PCV10-using sites among chil-
dren <5 years, causing approximately 24% (95% CI: 18.6–30.7%) of c s s, and was also
ommon in cases ≥5 years (14.4% in Brazil and 7.8% in other PCV10-using sites). In
contrast, at PCV13-using sites, it was uncom o (2.5% for <5 years of age and 3.1% for
≥5 years).
Th second m st mon serotype at PCV10-using sites among cases <5 years as
serotype 6C (10.3%; 95% CI: 6.8–14.9%), another se otype thought to be pr vent ble by
PCV13 because of c ss-protection from 6A (6C was 1.0% at PCV13-usi g site ; Figure 2).
The proportion of sero yp 6C cases w s also gr ater in cases ≥5 years at PCV10-using
sites (approximately 10%) than at PCV13-u ing sites (2.2%).
Serotype 3 was the top serotype among cases ≥5 years at both PCV13-using sites
(13.1%; 8.8–17.4%) and PCV10-u ing sites (13.9%; 11.7–16.4) and was consistent across
most site specific distributions (Table S2 and Figure S5) with the exception of South Africa
(Site 55, n = 623), where 12F and 8 were the dominant serotypes (approximately 13% each),
and serotype 3 was ranked third (5.9%). For children <5 years, the percentage was lower
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(4.0 and 7.4% at PCV13- and PCV10-using sites, respectively) and was ranked higher at
PCV10-using sites (rank = 3) than PCV13-using sites (rank = 8).
Several non-PCV13-type serotypes that are included in higher-valency PCV products
in development (15BC, 8, 12F, 10A, and 22F) were common in both age groups and PCV
settings, cumulatively causing between 15 and 36% of pneumococcal meningitis (Figure 4
and Figure S5). Serotype 22F, which is included in PCV15 was generally ranked lower
than the others. Serotype 15BC was a leading non-PCV13-type serotype among children
<5 years in both PCV10- and PCV13-using sites (6.6 and 11.5%, respectively) but was less
common in cases ≥5 years (2.7 and 3.9%, respectively). An exception for children <5 years
was South Africa (Site 55, n = 172), where serotype 8 was the dominant serotype (38.4%
compared to <6% for all other serotypes). Serotypes in the top 5 of at least one age or PCV
group that are not included in PCV15, PCV20, or PCV24 include serotypes 24F, 23B, and
23A, which cumulatively caused between 10 and 12% of pneumococcal meningitis across
both PCV settings and age groups.
3.4. Sensitivity Analyses
A sensitivity analysis including all meningitis IPD cases (CSF+ cases and non-CSF+
clinically defined cases) was conducted to ensure restriction to CSF+ only did not bias
the selection of sites or cases. These showed no meaningful differences from the primary
results restricted to CSF+ cases only (Table S1 and Figure S2). A review of the site-specific
serotype distributions comparing CSF+ to clinically-defined meningitis cases also showed
no meaningful differences for children <5 years. For cases ≥5 years, serotype 3 was more
commonly a top serotype for CSF+ cases than for clinically defined meningitis cases, and
serotype 19F was sometimes more prevalent in the clinically defined meningitis cases than
in the CSF+ cases. Other sensitivity analyses that excluded sites with fewer than five cases
in an age group or restricted to sites with data for both age groups did not result in any
meaningful differences (data not shown).
4. Discussion
We found that in settings where PCV10 or PCV13 have been used for about seven
years with primary series uptake above 70%, the percentage of remaining pneumococcal
meningitis due to serotypes covered by the vaccines in use was low: 5.3% in PCV10 sites
and 14.1% in PCV13 sites in children <5 years and 15.3 and 25.8%, respectively, in older
children and adults. This is a substantial reduction compared to the era before PCVs
when 70–88% of IPD cases and 62–72% of meningitis cases were caused by PCV10/13-
type serotypes in children <5 years of age, depending on the vaccine and region [2,25].
Serotype 19A, a PCV13-type, was rare (≤3%) at PCV13-using sites but caused almost a
quarter of cases ≤5 years at PCV10-using sites. A large fraction of the remaining disease
was due to serotypes found in higher-valency PCV products in development. PCV15
covered an additional 36% of cases <5 years excluding PCV10-types at PCV10-using sites,
although only an additional 7% at PCV13-using sites excluding PCV13-types. PCV20 and
PCV24 covered an additional 49–59% in PCV10-using sites and 43–47% in PCV13-using
sites. In older children and adults, the percent of pneumococcal meningitis covered by
PPV23 was greater than 62%, suggesting there is much vaccine-preventable pneumococcal
meningitis still remaining in older age groups. Our results may not represent the local
experience of any one country, and while there was heterogeneity observed in vaccine-type
distributions, large deviations from the average estimates were predominantly only at small
sites. Heterogeneity for some specific non-vaccine serotypes highlights the importance of
continued monitoring of serotypes by national surveillance systems.
Serotype 3 was uncommon in children <5 years of age, as it was in the era before PCVs
(estimated 1.4%) [2], causing 3–8% of cases at PCV10-using sites and 4% at PCV13-using
sites. However, serotype 3 was the top ranked serotype among those aged ≥5 years in
both PCV10- and PCV13-using sites, causing approximately 13–14% of cases. Although
population-level direct effects of PCV13 against serotype 3 are not well understood, this
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suggests that if PCV13 has some direct effects on serotype 3 disease, the indirect effects
are likely limited given the high percentage of cases caused by serotype 3 in adults. This
has been previously suggested by De Wals in a review of immunologic and effectiveness
evidence who concluded that PCV13 may confer some protection in vaccinated children
but that it is likely to be lower than for other vaccine serotypes and short term [26]. A
subsequent meta-analysis estimated PCV13 effectiveness against serotype 3 IPD in children
to be 51–69% [21]. However, none of the studies estimated effectiveness against serotype
3 meningitis, half the studies used case-control methods to assess effectiveness, results
only included data from 12 European and North American sites, and results included
data with only 4–6 years of PCV13 use [27–33]. Studies in the US and UK not included
in the meta-analysis showed contrasting results after 7 years of PCV13 use, finding no
meaningful change in serotype 3 IPD incidence [22,23]. Another small study from Italy
that included only six serotype 3 meningitis cases suggests that PCV13 in children may be
effective against serotype 3 sepsis and meningitis but not pneumonia [34].
The remaining pneumococcal meningitis in PCV10 sites was largely driven by serotypes
19A and 6C, two PCV13-related serotypes, which together caused 34.7 and 23.4% of dis-
ease among those <5 years and ≥5 years, respectively. The potential for 19F in PCV10 to
provide cross protection to 19A is not supported by our results, as 19A was found to be the
dominant serotype of cases <5 years of age at PCV10-using sites, causing nearly a quarter
of meningitis in that age group. Although our results for PCV10-using countries other
than Brazil are based on sparse data, 19A was commonly seen across PCV10-using sites.
Further evidence will be provided by upcoming serotype distribution analyses of all IPD
that will increase the number of PCV10-using sites and number of cases, and by analyses
of the change in 19A incidence from the pre-PCV to post-PCV periods. Earlier reviews of
incidence-based and other studies of serotype 19A were inconclusive [5] and more recent
studies have not found evidence of cross-protection from serotype 19F [35–37]. Prior evi-
dence of cross-protection by PCV13 from serotype 6A to 6C is stronger [5,24] and consistent
with the small (1–2%) percentage of serotype 6C cases at PCV13-using sites compared to
approximately 10% at PCV10-using sites. This suggests that by also protecting against
serotype 6C, PCV13 could potentially address up to a quarter of remaining pneumococcal
meningitis in PCV10-using countries, if the corresponding replacement disease is small.
Another PCV10 product from SII (Pneumosil) has recently been licensed and is impor-
tant in low- and middle-income countries for its affordability [38]. SII’s PCV10 includes
most of the same serotypes as GSK’s PCV10, but replaces serotypes 4 and 18C with 19A
and 6A. Using pre-PCV distribution data from Africa and Asia, we expect SII’s PCV10
to cover roughly the same percentage of disease (72–73%) as GSK’s (72–74%), assuming
cross-protection from 6B to 6A, but not from 6A to 6C, which was not estimated in the pre-
PCV era. SII’s PCV10 covers slightly less than PCV13 if serotype 3 is excluded (76–77%) [2].
The percentage of pneumococcal meningitis in mature PCV10/13 settings covered by SII’s
PCV10 could not be estimated as we could not account for serotypes 4 and 18C that are
covered by PCV10/13 but not SII’s PCV10. We can speculate that these may expand to their
pre-PCV incidence, and possibly greater with replacement disease. However, assessments
of the relative impact of PCV products can only be based on comparisons of the change in
incidence over time and should evaluate all pneumococcal syndromes, not just the small
portion that are meningitis. Further, vaccine product choice involves many factors beyond
epidemiologic settings, including programmatic and financial considerations.
Although higher-valency PCV products in development may not further reduce the
remaining burden of serotype 3 disease, they target important non-PCV13-type serotypes
responsible for much remaining pneumococcal meningitis. PCV20 (PCV13 + 8, 10A, 11A,
12F, 15BC, 22F, 33F) and PCV24 (PCV20 + 2, 9N, 17F, 20) covered more than half (53–69%) of
the remaining pneumococcal meningitis across mature PCV10/13 settings and age groups.
PCV15 (PCV13 + 22F, 33F) covers less, 9 and 6% of pneumococcal meningitis cases <5
years and ≥5 years, respectively, in PCV13 sites, and 3% in PCV10 sites among both age
groups, but is nearest to being available for children. Merck has submitted applications to
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the U.S. Food and Drug Administration (FDA) and European Medicines Agency (EMA) for
licensure of their PCV15 for all ages [10]. Pfizer’s Biologics License Application (BLA) for
use of PCV20 in adults 18 years and older has been accepted by the FDA for priority review
with a decision expected in June 2021 [39] and Phase 3 trials in children have begun [40].
There are several PCV24 products in the pipeline, including products from Merck [12] and
Affinivax, which are currently in Phase 1 testing [13]. If indirect effects for these products
are similar to what has been observed for PCV10/13, their use in children <5 years may
have more impact than direct immunization with PPV23 in older age groups.
An important limitation of this analysis is the lack of robust data from PCV10-using
sites, with the exception of Brazil, which contributed 86% of those cases. Only one other
country (The Netherlands) had more than 10 cases for children <5 years in the mature
PCV10 period. This was due to a lack of data rather than insufficient years using PCV10
or lack of participation in PSERENADE. Of 23 countries using PCV10 exclusively, most
(15 of 16) of those eligible for PSERENADE contributed data [15]; only eight met analytic
eligibility criteria. A future update of this analysis adding data from countries excluded
because they had not yet reached the mature PCV10 period will not greatly improve the
data paucity problem because they generally had low annual numbers of cases. However,
a forthcoming analysis of all IPD cases (not restricting to meningitis) will have more robust
results due to larger sample sizes.
Another important limitation is the paucity of data from high burden settings using
a PCV schedule without a booster dose, particularly the African meningitis belt where
pneumococcal meningitis outbreaks occur in all age groups and where serotype 1 is a dom-
inant serotype [41–43]. PSERENADE received data for only three meningitis belt countries,
all using PCV13: Benin and Cameroon contributed two and three cases, respectively, for
children <5 years of age, and The Gambia had no meningitis cases in the mature PCV13
period so could not contribute to analyses. Our findings from non-meningitis belt countries
that primarily used a booster dose schedule showed serotype 1 consistently caused less
than 1% of disease after 7 years of use, compared to 8% in the pre-PCV era among children
<5 years [2]. In other PSERENADE analyses published separately in this issue, serotype 1
IPD incidence declined in all ages by 95% after 6 years of PCV10/13 use in non-meningitis
belt countries [44]. The persistence of serotype 1 outbreaks in unvaccinated older children
and adults in the meningitis belt despite 3–4 years of PCV10/13 use [41–43] may suggest
that indirect protection may be lower than for other regions, although these results are from
the “early” PCV use period so the full effects of PCV13 may not have occurred. In Burkina
Faso and Niger, the percentage of pneumococcal meningitis that was PCV13-type was high,
approximately 29–45% for children <5 years, with 4–30% due to serotype 1 [41,42]. For
cases ≥5 years in Burkina Faso, Niger, and Ghana, 53–74% were PCV13-type and 30–64%
were serotype 1 [41–43]. These data include cases occurring during meningitis outbreaks,
which are commonly caused by serotype 1. Continued monitoring of the serotype distribu-
tion in meningitis belt countries using a 3+0 schedule could provide data to understand
whether the speed or degree of PCV impact is lower than for countries using a booster
dose, or if results are in fact similar after 7 years of PCV13 use.
An important consideration when interpreting the percentages and serotype distribu-
tion results is that a similar sized percentage in the mature PCV10/13 period and in the
pre-PCV period represent largely different disease burdens, as PCV has greatly reduced the
overall disease burden (i.e., 5% of 100 cases is a much smaller disease burden than 5% of
1000 cases). Consequently, inferences about disease burden cannot be made by comparing
percentage sizes alone across age or PCV product strata. In addition, the percentage of
any given serotype is affected by the incidence of the other serotypes, such that even if a
serotype’s incidence remains stable, the percentage will increase when another serotype’s
decreases. Therefore, an analysis of the change in incidence is needed to assess impact,
which will be forthcoming in another PSERENADE analysis for sites with incidence data
over time.
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5. Conclusions
In countries that have used PCV10 or PCV13 for at least 5–7 years and with high
uptake, the percentage of pneumococcal meningitis that was vaccine type was less than
15% among children <5 years of age, which is small when compared to percentages above
70% observed prior to PCV introduction, suggesting that PCV10/13 use greatly reduces
the proportion of pneumococcal meningitis due to vaccine-type serotypes. Serotype 19A, a
PCV13-type, was the most common serotype found in children at PCV10-using sites but
rare at PCV13-using sites. Among older children and adults, the percentage vaccine type
was <26%, but over 62% was PPV23-type despite common recommendations for PPV23
use among older adults and those at high risk for pneumococcal disease. Higher-valency
PCVs currently under evaluation, particularly PCV20 and PCV24, target over half of the
remaining pneumococcal meningitis.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9040738/s1, Table S1: Percentage of pneumococcal meningitis in the mature
PCV10/13 period due to serotypes included in current and upcoming PCV products, Table S2:
Serotype-specific distribution of CSF+ pneumococcal meningitis in the mature PCV10/13 period, by
age group; Figure S1: Distribution of CSF+ meningitis cases and non-CSF clinically defined meningitis
cases in the mature PCV10/13 period by age group; Figure S2: Serotype-specific distribution of
pneumococcal meningitis in the mature PCV10/13 period, including all meningitis cases (CSF+ and
non-CSF+ clinically defined meningitis cases); Figure S3: Modeled distribution for the percentage of
CSF+ pneumococcal meningitis due to serotypes included in current and upcoming products, in both
PCV10- and PCV13-using sites; Table S3: Modeled percentage of CSF+ pneumococcal meningitis
due to serotypes included in current and upcoming pneumococcal vaccine products, by age group;
Figure S4: Serotype-specific distribution of CSF+ pneumococcal meningitis in the mature PCV10/13
period, comparing Brazil to the other PCV10-using sites; Figure S5: Distribution of top 10 ranking
serotypes causing CSF+ pneumococcal meningitis in each PCV13-using site; Table S4: Characteristics
of sites contributing pneumococcal meningitis cases to analyses.
Author Contributions: Conceptualization, M.G.Q., M.D.K. and K.H.; methodology, M.G.Q., S.L.Z.,
M.D.K., K.H. and M.E.P.; software and analysis, M.G.Q. and S.L.Z.; writing—original draft prepa-
ration, M.G.Q., M.D.K. and Y.Y.; writing—review and editing, M.D.K., J.C.B., S.L.Z. and D.R.F.;
visualization, M.G.Q. and Y.Y.; supervision, M.D.K. and K.H.; project administration, J.C.B. and
M.G.Q.; funding acquisition, A.L.C., M.D.K. and K.H. All other authors contributed data for the
analysis, provided input for the analytic methodology, and critically reviewed results. All authors
have read and agreed to the published version of the manuscript.
Funding: The PSERENADE project is funded by the Bill and Melinda Gates Foundation as part of
the World Health Organization Pneumococcal Vaccines Technical Coordination Project, grant number
INV-010429 / OPP1189065.
Data Availability Statement: Restrictions apply to the availability of these data. Data were obtained
under data sharing agreements from contributing surveillance sites and can only be shared by
contributing organizations with their permission.
Acknowledgments: This work was only possible through the contributions of many other individu-
als and organizations. The list of names of key individuals is provided in Appendix A Table A2. We
thank all individuals involved in the surveillance activities at the sites contributing to the PSERE-
NADE project for trusting us with their data and for the assistance along the way to ensure this work
provides value. This includes the surveillance network coordinators at EpiConcept, European Centre
for Disease Prevention and Control, Pan American Health Organization, and WHO who facilitated
access to and understanding of the data. We thank the Johns Hopkins University librarians and
research assistants for providing literature review and data collection support. We thank the technical
and strategic advisors from the WHO for providing guidance on the objectives and for facilitating
introductions to the many surveillance sites globally. Finally, we are greatly indebted to the members
of our PSERENADE Technical Advisory Group for providing us with expert technical review and
strategic advice on all aspects of the methods, presentation, and interpretation throughout the project.
Microorganisms 2021, 9, 738 15 of 21
Conflicts of Interest: K.H. conducted the study and analyses while working at the Johns Hopkins
School of Public Health but is an employee at Pfizer, Inc. as of 26 October 2020. M.D.K. reports
grants from Merck, personal fees from Merck, and grants from Pfizer, outside the submitted work.
J.C.B. reports funding from Pfizer in the past year, unrelated to the submitted work. M.L. has
been a member of advisory boards and has received speaker’s honoraria from Pfizer and Merck.
German pneumococcal surveillance has been supported by Pfizer and Merck. S.D. reports grant from
Pfizer, outside the submitted work. J.C.S. had received assistance from Pfizer for attending scientific
meetings outside the submitted work. K.A. reports a grant from Merck, outside the submitted work.
M.C. has previously received a professional fee from Pfizer (Ireland), an unrestricted research grant
from Pfizer Ireland (2007–2016), and an Investigator Initiated Reward from Pfizer Ireland in 2018
(W1243730). S.C.G.A. received travel grant from Pfizer. A.M. has received research support to their
institution from Pfizer and Merck; honoraria for advisory board membership from GlaxoSmithKline,
Merck and Pfizer. S.N.L. performs contract research for GSK, Pfizer, Sanofi Pasteur on behalf of
St. George’s University of London but receives no personal remuneration. I.Y. was a member of
mRNA-1273 study group and has received funding to her institution to conduct clinical research
from BioFire, MedImmune, Regeneron, PaxVax, Pfizer, GSK, Merck, Novavax, Sanofi-Pasteur, and
Micron. R.D. has received grants/research support from Pfizer, Merck Sharp and Dohme, and
Medimmune; has been a scientific consultant for Pfizer, MeMed, Merck Sharp and Dohme, and
Biondvax; had served on advisory boards of Pfizer, Merck Sharp and Dohme, and Biondvax and
has been a speaker for Pfizer. L.L.H. reports research grants to her institution from GSK, Pfizer,
and Merck. E.V. reports grants from the French public health agency, during the conduct of the
study and grants from Pfizer and grants from Merck outside the submitted work. M.H. received an
educational grant from Pfizer AG for partial support of this project. However, Pfizer AG had no role
in the data analysis and content of the manuscript. N.B.Z. has received investigator-initiated research
grants from GlaxoSmithKline, Takeda Pharmaceuticals, Merck, and the Serum Institute of India, all
unrelated to this research. N.Mv.S. reports grants and fees for service from Pfizer, fees for service
from MSD and GSK, outside the submitted work; in addition, N.Mv.S. has a patent WO 2013/020090
A3 with royalties paid to University of California San Diego (inventors: Nina van Sorge/Victor Nizet).
M.C.B. reports lecture fees from MSD outside from submitted work. C.L.B., M.D., has intellectual
property in BioFire Diagnostics and receives royalties through the University of Utah. C.L.B. is an
advisor to IDbyDNA. M.T. reports grants from GlaxoSmithKline and grants from Pfizer Inc. to the
Finnish Institute for Health and Welfare for research projects outside the submitted work, in which
she has been a co-investigator. Av.G. as received researching funding from Pfizer (last year 2017,
Pfizer Investigator-Initiated Research [IIR] Program IIR WI 194379); they have attended advisory
board meetings for Pfizer and Merck. C.M.A. reports grants and personal fees from Pfizer, Qiagen,
and BioMerieux and grants from Genomica SAU, outside the submitted work. BL had two research
grants from Pfizer on Streptococcus pneumoniae. J.D.K. has received an unrestricted grant-in-aid
from Pfizer Canada that supports, in part, the CASPER invasive pneumococcal disease surveillance
project. C.G.S. reports grant funding from Pfizer, Merck, and AstraZeneca in the past 3 years. All
other authors did not declare any conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the
decision to publish the results.
Disclaimer: The findings and conclusions in this report are those of the authors and do not necessarily
represent the official position of the Centers for Disease Control and Prevention or the World Health
Organization (WHO).
Appendix A




Immunisation and Countermeasures Division, Public Health
England, London NW9 5EQ, UK
Rita Born Federal Office of Public Health, 3097 Liebefeld, Switzerland





National Laboratory for Meningitis and Pneumococcal Infections,
Center of Bacteriology, Institute Adolfo Lutz (IAL), São Paulo
01246-902, Brazil
Dana Bruden
Arctic Investigations Program, Division of Preparedness and
Emerging Infections, National Center for Emerging and Zoonotic
Infectious Diseases, Centers for Disease Control and Prevention,
Anchorage, AK 99508, USA
Carrie L. Byington
University of Utah Department of Pediatrics (emeritus), Salt Lake
City, UT 84108, United States; University of California Health System,
Oakland, CA 94607, USA
Claire Cameron Public Health Scotland, Glasgow G2 6QE, UK
Jesús Castilla
Instituto de Salud Pública de Navarra—IdiSNA, 31003 Pamplona,
Navarra, Spain; CIBER Epidemiología y Salud Pública, (CIBERESP),
28029 Madrid, Spain
Guanhao Chan Singapore Ministry of Health, Communicable Diseases Division,Singapore 308442, Singapore
Kin-Hung Chow
Department of Microbiology and Carol Yu Centre for Infection,
Queen Mary Hospital, The University of Hong Kong, Hong Kong
SAR, China
Tine Dalby Bacteria, Parasites and Fungi, Statens Serum Institut, DK-2300Copenhagen S, Denmark
Kostas Danis Santé Publique France, the French National Public Health Agency,Saint Maurice CEDEX, 94415 Paris, France
Linda de Gouveia
Centre for Respiratory Diseases and Meningitis, National Institute for
Communicable Diseases of the National Health Laboratory Service,
Sandringham, 2192 Johannesburg, South Africa
Sara de Miguel Epidemiology Department, Dirección General de Salud Pública,28009 Madrid, Spain
Geneviève Deceuninck Quebec University Hospital Research Centre, Québec, QC G1V 4G2,Canada
Martina Del Manso Department of Infectious Diseases, Italian National Institute ofHealth (Istituto Superiore di Sanità, ISS), 00161 Rome, Italy
Janepsy Díaz Instituto de Salud Pública de Chile, 7780050 Santiago, SantiagoMetropolitan, Chile
Elina Dimina Centre for disease prevention and control of Latvia, 1005 Riga, Latvia
Helga Erlendsdottir Department of Clinical Microbiology, Landspitali—The NationalUniversity Hospital, Hringbraut, 101 Reykjavik, Iceland
Noga Givon-Lavi
Pediatric Infectious Disease Unit and Clinical Microbiology
Laboratory, Soroka University Medical Center, Ben-Gurion
University of the Negev, Beer-Sheva 8410501, Israel
James D. Kellner Department of Pediatrics, University of Calgary, and Alberta HealthServices, Calgary, AB T3B 6A8, Canada
Mirjam J. Knol National Institute for Public Health and the Environment, 3721 MABilthoven, The Netherlands
Brigitte Lefebvre Laboratoire de Santé Publique du Québec, Sainte-Anne-de-Bellevue,Quebec City, QC H9X 3R5, Canada
Jolita Mereckiene HSE Health Protection Surveillance Centre, Mountjoy, D01 A4A3Dublin, Ireland





Molecular Microbiology Department, Hospital Sant Joan de Déu
Research Institute, 08950 Esplugues de Llobregat, Barcelona, Spain;
Medicine Department, Universitat Internacional de Catalunya, 08017
Barcelona, Spain; CIBER Epidemiología y Salud Pública (CIBERESP),
28029 Madrid, Spain
Daniela Napoli
Servicio de Bacteriología Clínica, Departamento de Bacteriología,
INEI—ANLIS “Dr. Carlos G. Malbrán”, C1282 AFF Buenos Aires,
Argentina
Néhémie Nzoyikorera
Department of Microbiology, Faculty of Medicine and Pharmacy,
Hassan II University of Casablanca, Casablanca 20000, Morocco;
Bacteriology-Virology and Hospital Hygiene Laboratory, Ibn Rochd
University Hospital Centre, Casablanca 20250, Morocco
Stephen I. Pelton Boston University Schools of Medicine and Public Health, Boston,MA 02118, USA
Kate Pennington
Communicable Disease Epidemiology and Surveillance Section,
Office of Health Protection, Australian Government Department of
Health, Canberra, ACT 2606, Australia
Tamara Pilishvili National Center for Immunizations and Respiratory Diseases,Centers for Disease Control and Prevention, Atlanta, GA 30333, USA
Marie-Cecile Ploy University Hospital Centre Limoges, Regional Observatories forPneumococci, 87000 Limoges, France
Rodrigo Puentes Instituto de Salud Pública de Chile, 7780050 Santiago, SantiagoMetropolitan, Chile
Shigeru Suga
Infectious Disease Center and Department of Clinical Research,
National Hospital Organization Mie Hospital, Tsu, Mie 514-0125,
Japan
Catherine G. Sutcliffe Johns Hopkins Bloomberg School of Public Health, Baltimore, MD21205, USA
Todd D. Swarthout
NIHR Global Health Research Unit on Mucosal Pathogens, Division
of Infection and Immunity, UCL, Bloomsbury, London WC1E 6BT,
UK; Malawi-Liverpool-Wellcome Trust Clinical Research Programme,
P.O. Box 30096, Chichiri, Blantyre 3, Malawi
Koh Cheng Thoon KK Women’s and Children’s Hospital, Singapore 229899, Singapore
Maija Toropainen Department of Health Security, Finnish Institute for Health andWelfare, 00271 Helsinki, Finland
Didrik F. Vestrheim Department of Infection Control and Vaccine, Norwegian Institute ofPublic Health, 0456 Oslo, Norway
Anne von Gottberg
Centre for Respiratory Diseases and Meningitis, National Institute for
Communicable Diseases of the National Health Laboratory Service,
Sandringham, 2192 Johannesburg, South Africa; School of Pathology,
Faculty of Health Sciences, University of the Witwatersrand,








Microorganisms 2021, 9, 738 18 of 21
Table A2. Acknowledgement List.
























European Centre for Disease Prevention and Control
Edoardo Colzani
Pan American Health Organization
Lúcia Helena de Oliveira




Department of Infectious Diseases, Italian National Institute of Health (Istituto Superiore di
Sanità, ISS), Rome, Italy
Flavia Riccardo




Laboratoire du Centre Mère et Enfant Fondation Chantal Biya, Yaoundé, Cameroun
Angeline Boula
University of Parakou, Alibori in PARAKOU, Benin
Joseph Agossou
Microorganisms 2021, 9, 738 19 of 21
Table A2. Cont.
WHO Collaborating Centre for New Vaccines Surveillance, Medical Research Council Unit





WHO Regional Office for Africa, Inter Country Support Team, Ouagadougou, Burkina Faso
Joseph Biey
Bernard Ntsama
WHO Regional Office for Africa, Inter Country Support Team, Libreville, Gabon
Gilson Paluku
Aboubacar N’DIAYE
WHO Country offices, Benin and Cameroon
Sentinel site surveillance teams and countries part of the African Pediatric Bacterial
Meningitis Surveillance Network
Australian National Notifiable Diseases Surveillance data were provided by the Office of
Health Protection, Australian Government Department of Health, on behalf of the
Communicable Diseases Network Australia and the Enhanced Invasive Pneumococcal
Disease Surveillance Working Group.
References
1. Wahl, B.; O’Brien, K.L.; Greenbaum, A.; Majumder, A.; Liu, L.; Chu, Y.; Lukšić, I.; Nair, H.; McAllister, D.A.; Campbell, H.; et al.
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